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Abstract 
The gas-phase structures of protonated histidine (His) and the side-chain model, protonated 4-
phenyl imidazole (PhIm), are examined by infrared multiple photon dissociation (IRMPD) action 
spectroscopy utilizing light generated by the free electron laser FELIX. To identify the structures 
present in the experimental studies, the measured IRMPD spectra are compared to spectra 
calculated at a B3LYP/6-311+G(d,p) level of theory. Relative energies of various conformers are 
provided by single point energy calculations carried out at the B3LYP, B3P86, and MP2(full) 
levels using the 6-311+G(2d,2p) basis set. On the basis of these experiments and calculations, 
the IRMPD action spectrum for H
+
(His) is characterized by a mixture of [N,N] and [N,CO] 
conformers, with the former dominating.  These conformers have the protonated nitrogen atom 
of imidazole adjacent to the side-chain (N) hydrogen bonding to the backbone amino nitrogen 
(N) and to the backbone carbonyl oxygen, respectively. Comparison of the present results to 
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, allows evaluation of the 
vibrational motions associated with the observed bands.  
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1. Introduction 
Histidine (His) is chemically one of the most flexible protein residues because the 
imidazole side chain can function as both an acid and base near neutral pH [1]. The histidine 
molecule presents three potential coordination sites in aqueous solution. The carboxyl group 
(pKa = 1.9), the imidazole nitrogen (pKa = 6.1), and the amino nitrogen (pKa = 9.1) become 
available for complexation as pH increases. The acid-base properties of a biomolecule affect 
physicochemical activities such as solubility, hydrophobicity, and electrostatic interactions that 
directly impact the biological activity of the molecule in a living system. Because the pKa of the 
imidazolium form is around 6, histidine can undergo protonation and deprotonation reactions at 
physiological pH. Therefore, it functions as a competent proton-transfer mediator in various 
proteins [2-5].  Histidine also serves as both a hydrogen-bond donor and an acceptor, and this 
hydrogen-bonding property is of importance in proton-transfer reactions [5] and in organizing 
the active centers of enzymes. As a consequence, histidine is often found at the catalytic sites of 
protein enzymes.  
In recent years, the structures of many proteins have been studied by X-ray 
crystallography; however, because of the poor sensitivity of X-ray crystallography in detecting 
hydrogen atoms, the protonation structures and hydrogen-bonding interactions of amino acid side 
chains are not well resolved in many cases. To obtain such information, vibrational spectroscopy 
is a powerful method as it is more sensitive to chemical bonds and molecular interactions. In the 
case of histidine, its protonation state, metal binding, and hydrogen bonding interactions have 
been investigated using both Raman [6-18] and Fourier transform infrared (FTIR) [19] 
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conformers in the gas phase using time-dependent density functional theory (TDDFT) to 
calculate the electronic spectra and charge-transfer processes. Also, Hasegawa et al. [21] studied 
4-methylimidazole (a simple model compound of the histidine side chain) and its different 
protonation forms using FTIR and Raman spectra for systematic investigation of vibrational 
markers of the protonation state of histidine.   
Infrared multiple photon dissociation (IRMPD) spectroscopy has been used to probe the 
structures of ionized complexes in the gas phase and can be a powerful tool for understanding 
ion–protein interactions. An important advantage of this technique is the ability to investigate the 
structures of biomolecules in isolation, where complicating structural effects of solvent and 







(HisArg) [24], and M
+













, have all been investigated by IRMPD spectroscopy utilizing light 
generated by a free electron laser. In the present study, we measure the IRMPD action spectra for 
photodissociation of protonated His and 4-phenyl imidazole (PhIm), where the latter provides a 
model for assessing the vibrations of the imidazole side-chain ring. Conformations of these 
molecules are identified by comparing the experimental spectra to IR spectra of the low-lying 
structures of the cationized His and PhIm complexes predicted by quantum chemical calculations 






























2. Experimental and Computational Section 
2.1. Mass Spectrometry and Photodissociation 
Experiments were performed using the Free Electron Laser for Infrared eXperiments 
(FELIX) [26] in combination with a home-built Fourier transform ion cyclotron resonance 
(FTICR) mass spectrometer, which has been described in detail elsewhere [27-29].  Protonated 
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(Micromass UK Ltd.) electrospray ionization source. Solutions used were 1.0  3.0 mM His with 
1 mM acetic acid in 50% MeOH and 50% H2O for H
+
(His) and 1.0 mM phenyl imidazole 
acidified with acetic acid in 58% MeOH and 42% H2O for H
+
(PhIm). Solution flow rates were 
about 10 L/min and the electrospray needle was held at a voltage of ~3.2 kV. Ions were 
accumulated in a hexapole trap for about 4 s followed by pulsed extraction through a quadrupole 
bender prior to being injected into the ICR cell via a radio frequency (rf) octopole ion guide. 
Electrostatic pulsing of the dc bias of the ion transfer octopole allows ions to be captured in the 
ICR cell without the use of a gas pulse [28]. In contrast to the conventional gas pulsing method 
to stop the ions, this technique does not cause collisional heating of the ions. The precursor ions 
were mass selected using stored waveform inverse Fourier transform (SWIFT) techniques and 
irradiated by the FEL at pulse energies of 50 mJ per macropulse of 5 s duration, although they 
fell off to about 20 mJ toward the blue edge of the scan range. Complexes were irradiated for 2 - 
4 s, corresponding to interaction with 10 - 20 macropulses. The fwhm bandwidth of the laser was 
typically 0.5% of the central wavelength. For the present experiments, spectra were recorded 
over the wavelength range 19.4 m (520 cm-1) to 5.5 m (1820 cm-1), which can be covered with 
a single setting of the electron beam energy of FELIX. 
 
2.2. Computational Details 
Our protocol for finding all low-lying conformations of metal cation-amino acid 
complexes has been described elsewhere [30]. To find the global energy minimum and all low-
energy geometries, a large number of possible conformations were screened using a simulated 
annealing methodology with the AMBER program and the AMBER force field based on 
molecular mechanics [31]. All possible structures identified this way were subsequently 
optimized using NWChem [32] at the HF/3-21G level [33,34].  Unique structures for each 
system were optimized using Gaussian 09 [35] at the B3LYP/6-31G(d) level of theory [36,37] 
with the “loose” keyword (maximum step size 0.01 au and an RMS force of 0.0017 au) to 
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higher-level geometry optimization and frequency calculations using DFT at the B3LYP/6-
311+G(d,p) level of theory [38]. Single point energy calculations were carried out at the B3LYP, 
B3P86, and MP2(full) levels using the 6-311+G(2d,2p) basis set [38].  Zero-point vibrational 
energy (ZPE) corrections were determined using vibrational frequencies calculated at the 
B3LYP/6-311+G(d,p) level scaled by a factor of 0.989 [39]. Relative energies at 0 K are 
converted to 298 K free energies using the rigid rotor/harmonic oscillator approximation with 
rotational constants and vibrational frequencies calculated at the B3LYP/6-311+G(d,p) level. As 
will be seen below, the relative G298 excitation energies are comparable to the analogous 
differences in the H0 values. 
Vibrational frequencies and intensities were calculated using the harmonic oscillator 
approximation and analytical derivatives of the energy-minimized Hessian at the B3LYP/6-
311+G(d,p) level of theory. Each of the resulting structures was found to have all real harmonic 
vibrational frequencies at this level of theory indicating that they are local minima on the 
potential energy surface. For comparison to IRMPD spectra, frequencies were scaled by 0.975 as 
this scaling factor leads to good agreement between calculated and experimentally well-resolved 
peaks and is in accord with previous IRMPD studies of amino acid complexes in this spectral 
region as well [40-45]. Calculated vibrational frequencies are broadened using a 20 cm
-1
 fwhm 
Gaussian line shape for comparison with experimental spectra. 
At the request of a reviewer, we also calculated geometries and single point energies 
adding a diffuse function for hydrogen, i.e., R/6-311++G(2d,2p)//B3LYP/6-311++G(d,p), where 
R indicates B3LYP, B3P86, and MP2(full) levels.  This is intended to provide a better 
description of hydrogen bonding, even though previous explorations in our group have indicated 
that hydrogen diffuse functions have negligible effects on geometries and relative energies [46-
49].  In the present case, six conformers of three different types were examined.  Structures were 
essentially unchanged with hydrogen bonds (a total of 16 interactions) changing by -0.0025 to 
+0.0008 Å, with the average absolute change being 0.0006  0.0007 Å.  Relative energies at this 
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vibrational frequencies are the same within 0.01%.  Because the addition of diffuse functions to 
the hydrogen atoms introduces little distortions, energy changes, or vibrational shifts, such 
calculations were not pursued further for any other conformations.   
 
3. Results and Discussion 
3.1. IRMPD Action Spectroscopy 
The photodissociation spectra of protonated (m/z 156) His both as depletion of the parent 
ion and the yield for loss of H2O + CO (m/z 110) (corrected for laser power and uncorrected) are 
shown in Figure S1 of the Supporting Information.  Very small amounts (> 10 times smaller) of 
just H2O loss were also detected. These decomposition pathways match the lowest energy 
products observed in the collision-induced dissociation (CID) spectrum of H
+
(His), as observed 
previously [50,51]. Parent and product ion intensities were monitored as a function of the laser 
frequency, and the IRMPD yield shown in Figure S1 and the figures below was calculated as the 
integrated intensity ratio I110 / (I110 + I156). This was normalized linearly with laser power to 
roughly account for the change in laser power as a function of photon energy. As shown in 
Figure S1, the depletion spectrum of the m/z 156 parent ion is similar to the appearance spectrum 
of the m/z 110 product ion. The depletion of the parent ion signal exceeds 50% at the most 
intense resonances. Because the IRMPD yield is normalized for parent ion fluctuations, it 
exhibits better signal-to-noise ratio than the depletion signal and will be compared to the 
calculated spectra. 
To provide a spectrum characteristic of the imidazole (Im) side-chain of His, we also 
tried acquiring the IRMPD spectrum of protonated Im.  Unfortunately, this molecule is 
sufficiently small that dissociation is inefficient and no spectrum could be collected.  To 
overcome this size limitation, it would be useful to examine Im substituted at the 4-position to 
mimic the His side-chain. Simple alkyl-substituted Im are unstable or not readily available, but 
4-phenyl imidazole (PhIm) is commercially available. For protonated PhIm, two IR 
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HCN (m/z 91). The sum of these two decomposition pathways is shown as the IRMPD action 
spectrum below.  
 
3.2. Theoretical Results (Structures) 
The nomenclature used here to identify different structural isomers of H
+
(His) is similar 
to that described previously for the IRMPD study of M
+
(His) [25]; however, here the atoms of 
His are named according to the IUPAC Compendium of Chemical Terminology (Gold Book), in 
which positions of the nitrogen atoms of the imidazole ring relative to the side chain are denoted 
by pros ('near', abbreviated π and also referred to as N1) and tele ('far', abbreviated τ or N3) [52], 
Figure 1.  In addition, conformations of protonated His are identified by their proton binding 
sites in brackets, followed by a description of the histidine orientation, named by a series of 
dihedral angles starting from the carboxylic acid hydrogen of the backbone and going to the 
imidazole side-chain nitrogen (N) (HOCC, OCCC, CCCC, and CCCN, respectively). 
Dihedral angles are distinguished as cis (c, for angles between 0° – 45°), gauche (g, 45° – 135°), 
or trans (t, 135° – 180°), and + or – indicating their sign when necessary to distinguish similar 
structures. In some cases, these four dihedral angles are insufficient to distinguish similar 
conformers and a fifth dihedral angle is added in parentheses to define the electron lone pair 
orientation of the NH2 group. In most conformations, this orientation is cis with respect to the 
adjacent backbone CC bond, such that only alternate orientations (gauche or trans) are indicated 
by this fifth dihedral angle. 
 
Eight low-lying and representative higher energy conformations of H
+
(His) are illustrated 
in Figure 1, with a total of 24 structures shown in Figure S2 in the Supporting Information. The 
protonated histidine complex, H
+
(His), has a set of low energy structures, [N,N], in which the 
protonated imidazole side-chain hydrogen bonds to the backbone amino nitrogen (NH···N), 
Figure 1. If the proton shifts to N, retaining a hydrogen bond to N, the [N,N] conformer is 
formed.  These structures are not shown in Figure 1 as the only significant distinction from the 
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motifs are [N,CO] and [N,OH], in which the protonated imidazole side-chain hydrogen bonds 
to the backbone carbonyl oxygen (NH···OC) or hydroxyl oxygen (NH···OH).  The latter are not 
shown in Figure 1 because they resemble the [N,CO] structures with the carboxylic group 
rotated by 180°.  Relative Gibbs free energies at 298 K and relative energies at 0 K including 
zero-point energy (ZPE) corrections with respect to the ground state calculated at three different 
levels of theory are given in Table 1 for H
+
(His). Because the relative Gibbs free energies may 
be more relevant in describing the experimental distributions, these values are used throughout 
the discussion below.  
At all levels of theory, the ground state (GS) structure for H
+
(His) is [N,N]-tggc, Figure 
1.  In addition, there are five other stable geometries having this binding motif.  Only slightly 
higher in energy, 1 – 5 kJ/mol, is the tgtc conformer.  Both the tggc and tgtc structures have 
similar NH···N hydrogen bond lengths (1.916 and 1.902 Å, respectively), but the former 
appears to be stabilized by a stronger NH···OC interaction, as suggested by bond lengths of 
2.272 and 2.420 Å, respectively.  [N,N]-ttgc and tttc conformers are found at slightly higher 
energies, 4 – 5 and 5 – 10 kJ/mol above the GS, respectively, and have slightly longer NH···N 
hydrogen bond lengths (1.967 and 1.932 Å, respectively).  These conformers differ from the 
lower energy structures by the OCCC dihedral being trans rather than gauche, which rotates 
the carboxylic acid such that the NH···OC hydrogen bond is replaced by a weaker NH···OH 
hydrogen bond, Figure 1.  Finally, the cggc and cgtc conformers have geometries similar to the 
tggc and tgtc structures, but the hydroxyl hydrogen is rotated such that it no longer interacts with 
the carbonyl oxygen, Figure S2, which costs about 31 and 34 kJ/mol, respectively.  These 
conformers have NH···N hydrogen bond lengths of 1.966 and 1.903 Å, respectively.  Similar 
comparisons hold for the six analogous [N,N] conformers, shown in Figure S2.  At the B3LYP 
and B3P86 levels, all [N,N] conformers lie higher in energy than their [N,N] counterparts, 
with the [N,N]-tgtc variant being lowest in energy.  In contrast, MP2 calculations find that the 
[N,N]-tggc and cgtc conformers are slightly lower in energy than their [N,N] analogues, with 
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relatively short NH···N hydrogen bond lengths of 1.63 – 1.66 Å, indicating that the proton 
generally prefers to be on the N nitrogen.  
Eight different [N,CO] conformers were located with the ctg+g structure being the 
lowest at the DFT levels of theory, 2 – 4 kJ/mol above the GS.  This structure has the shortest 
NH···OC hydrogen bond length (1.673 Å) among the [N,CO] conformers and is stabilized by a 
OH···N hydrogen bond, Figure 1.  The next four conformers in energy are all ttgg with 
NH···OC hydrogen bond lengths of 1.78 – 1.83 Å, Figures 1 and S2.  In these conformers, the 
hydroxyl group has rotated, losing the OH···N hydrogen bond and replacing it with an OH···OC 
interaction augmented by various NH···O(H) interactions depending on the orientation of the 
NH2 group, (g) or (t).  DFT calculations find that these species lie 5 – 11 kJ/mol above the GS 
and 1 – 9 kJ/mol above the [N,CO]-ctg+g structure, whereas MP2 calculations find that the 
lowest energy [N,CO] conformer is ttgg+(t) with the ctggvariant lying 5 kJ/mol higher.  
Finally, there are three higher lying conformers, ctgg, ctgg(t), and cggg, having NH···OC 
hydrogen bond lengths of 1.74 – 1.85 Å, Figure S2.  The lowest of these, ctgg, is stabilized by 
a OH···N hydrogen bond such that it lies 10 – 15 kJ/mol above ctgg.  The other two lie 21 – 
30 kJ above ctgg.  Four [N,OH] conformers have structures similar to the analogous ttgg 
geometries shown in Figure 1, with the carboxylic acid group rotated by about 180°.  These 
species lie fairly high in energy, 23 – 38 kJ/mol above the GS conformer and 15 – 31 kJ/mol 
above analogous [N,CO] conformers, Table 1.   
We also carefully examined the proton transfer process that connects the [N,N] and 
[N,N] conformers, locating the transition state (TS) for all six side-chain orientations, Table 1.  
B3LYP, B3P86, and MP2(full) level calculations reveal that the barriers (NTS) are 6 – 13, 0 
– 6, and 2 – 9 kJ/mol, respectively.  At the B3LYP level, except for tgtc and cgtc, the 298 K free 
energies of these TSs lie below that for the associated [N,N] conformer, indicating that the 
latter collapse with no energy barrier to the analogous [N,N] form.  At the B3P86 level, all six 
[N,N] conformers collapse to the [N,N] forms, whereas MP2(full) theory suggests that only 
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Figure 2 shows the potential energy surfaces along the N-H-N coordinate linking all six 
[N,N] and [NN] conformers calculated at the B3LYP/6-311+G(d,p) level by explicitly 
controlling the N-H bond distance and allowing all other degrees of freedom to optimize. For 
comparison, the potential for protonated histamine, which is His without the carboxylic acid on 
the -carbon, is also included.  It can be seen that in all cases two separate minima in an 
asymmetric double-well potential exist.  Therefore the relative stabilities and instabilities noted 
above are the result of differences in zero point energies.  This is partially indicated by the zero 
of the scale in Figure 2, which is set to the zero point energy of the harmonically calculated 
proton motion of the [N,N] conformers (scaled frequencies ranging from 3025 – 3170 cm
-1
).  
Anharmonic frequency calculations for the [N,N]-tggc conformer find a modest shift from 
3085 cm
-1
 (harmonic, 0.975 scaling) to 2937 cm
-1
 (anharmonic, unscaled).  Despite this, use of 
harmonic frequencies on such an anharmonic potential is not exact and use of the harmonic 
frequency for proton motion of the [N,N] conformers would place the zero differently for each 
conformer.  These frequencies range from 2338 – 2465 cm-1 (scaled), which places the zero point 
level for these conformers roughly 14 kJ/mol above the bottom of the [N,N] potential wells.   
 
3.3. Comparison of experimental and theoretical IR spectra: H
+
(His) 
The power-corrected experimental spectrum for H
+
(His) is shown in Figure 3 and 
exhibits major peaks at 1778, 1609, 1399, 1306, 1132, 822, 676, and 609 cm
-1
. Additional 
weaker bands are observed at 1747, 1433, 1340, ~990, ~923, and ~742 cm
-1
, with an unresolved 
shoulder at 1079 cm
-1
.  Figure 3 compares the experimental spectrum with those calculated for 
the most stable conformers of [N,N], [NN], and [N,CO], which are the most likely 
conformers to be populated along with [N,N]-tgtc (and possibly ttgc) on the basis of the 
theoretical 298 K free energies, Table 1.  Figure S3 shows the predicted spectra of all 
conformations for comparison, and Table 2 makes qualitative assignments of bands predicted for 
the [N,N]-tggc and [N,CO]-ctg+g conformers on the basis of visualizing the molecular 
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have similar spectra, as do the four analogous structures for [N,N].  In contrast, the cis 
orientation of HOCC in the higher-energy cxgc conformers of both [N,N] and [N,N] 
removes the OH···OC interaction such that the intense bands associated with the C-OH stretch 
and COH bend motions shift from ~1140 to ~1240 cm
-1
 and those for the CO stretch shift from 
~1780 to ~1800 cm
-1
.  The four [N,CO]-cxgg conformers show similar spectra although the 
intense band associated with the C-OH stretch and COH bend motions is located at ~1380 cm
-1
 
(shifted because of the OH···N interaction) for ctg+g and ctgg and at ~1290 cm
-1
 for ctgg(t) 
and cggg, which no longer have the OH···N interaction.  In these four cases, the CO stretch is 
red-shifted to ~1745 cm
-1
.  In the four [N,CO]-ttgg conformers, which are all similar, the CO 
stretch is red-shifted even further, to 1705 – 1730 cm-1, and the C-OH stretch and COH bend 
returns to ~1160 cm
-1
.  The four [N,OH]-txgg conformers are similar to the [N,CO]-ttgg 
analogues except the CO stretch has shifted up to ~1800 cm
-1
.  
The comparison in Figure 3 shows that the experimental spectrum is generally consistent 
with that predicted for the lowest-energy conformer, [N,N]-tggc, Table 1.  The principal 
disagreements are the lack of predicted bands at 1747 and 1340 cm
-1
. Relative intensities are not 
reproduced particularly well, with predicted bands between 900 and 1000 cm
-1
 being too strong 
and that for the band at 1132 cm
-1
 being too weak.  If the predicted bands at 1107 and 1139 cm
-1
 
were closer together, as they are for the [N,N]-tgtc and ttgc conformers, Figure S3, the 
agreement would improve.  The carbonyl stretch in the observed spectrum at 1778 cm
-1
 is 
reproduced well by the [N,N]-tggc spectrum (1775 cm
-1
), although the predicted intensity is 
too large. The weak bands observed are generally more delocalized bends and stretches, Table 2, 
but they are reproduced quite well by the [N,N] calculated spectra.  The peak at 1747 cm
-1
 
cannot be explained by any of the [N,N] or [N,N] conformers but is consistent with the 
predicted [N,CO]-cxgg spectra.  For example, the low-lying [N,CO]-ctg+g structure exhibits a 
red-shifted carbonyl stretch at 1736 cm
-1
. The shift occurs because this structure forms a 
hydrogen bond between the protonated imidazole side-chain nitrogen (N) and the backbone 
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conformers, Figure 1. The remainder of the bands predicted for [N,CO]-ctg+g fall at similar 
positions to those of [N,N]-tggc, such that its presence is consistent with the experimental 
spectrum.  One exception is a band at 882 cm
-1
, where some intensity in the experimental 
spectrum can also be observed.  We also note that the extremely intense band at 1387 cm
-1
 in the 
[N,CO]-ctg+g spectrum, which corresponds to a COH bend and C-OH stretching motion, shifts 
to 1342 cm
-1
 when an anharmonic frequency calculation is performed, potentially explaining the 
unassigned band observed at 1340 cm
-1
.  The results of the anharmonic frequency calculation is 
shown for all the bands in this frequency range in Figure S4, along with a comparable calculation 
for the [N,N]-tggc conformer.  Few bands shift appreciably between the scaled harmonic and 
unscaled anharmonic calculation, so the comparison shown in Figure 3 remains reasonable.   
Although much of the spectrum shown for the [N,N]-tggc conformer can agree with the 
experimental spectrum, Figure 3, there is little if any intensity observed near 1500 cm
-1
, where 
the predicted spectra for all six [N,N] conformers have intense bands associated with the 
umbrella motion of the NH group.  Likewise, there is no evidence in the experimental spectrum 
for a carbonyl stretch near 1800 cm
-1
, suggesting that the [N,N]-cgxc, [N,N]-cgxc, and 
[N,OH] conformers are not present experimentally.  Both conclusions are generally consistent 
with the relative energetics of these species, Table 1.   
On the basis of calculated spectra and thermodynamic data, [N,N]-txxc conformers are 
identified as the major carrier of the measured IRMPD spectrum with total predicted populations 
of 68 – 75% and the tggc and tgtc conformers accounting for most of this intensity.  [N,CO] 
conformers are predicted to account for 3 – 20%, consistent with the observation of the peak at 
1747 cm
-1
 and perhaps that at 1340 cm
-1
.  MP2 theory suggests that the [N,N] conformers have 
a population of 29%, whereas the DFT calculations put this below 3%.  The latter prediction 
seems more in line with the experimental observations, although the complex coupling between 
the potential wells associated with these conformations seen in Figure 2 may complicate this 
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3.4. Comparison of experimental and theoretical IR spectra: H
+
(4-phenyl imidazole) 





compared with calculated IR spectra for lowest energy conformer of H
+
(PhIm).  This structure 
has the proton on the imidazole nitrogen with the two rings twisted out of planarity by 35°, 
Figure 4.  Clearly, protonation anywhere else will be much higher in energy and the rigidity of 
the phenyl side-chain restricts the number of possible structures.  The predicted spectrum for 
H
+
(PhIm) shows a close correspondence to the observed spectrum, in terms of both band 
positions and relative intensities.  The primary exception is the band at 1340 cm
-1
, which is not 
predicted accurately, either because the band predicted at 1281 cm
-1
 is shifted or the band at 
1326 cm
-1
 should be more intense.  (An anharmonic frequency calculation for H
+
(PhIm) is very 
similar to the scaled harmonic spectrum in Figure 4, with no large shifts in any band having 
noticeable intensity.)  Notably, the band at 1340 cm
-1
 in the H
+
(His) spectrum was also not 
accurately reproduced, a comparison that might suggest that this corresponds to a motion of the 
imidazole side chain (in contrast to the assignment based on the anharmonic frequency 
calculation).  Given these provisos, the experimental IRMPD action spectrum can be explained 
adequately by the calculated spectrum of the ground state conformer.   
Detailed analysis of band positions and vibrational assignments for H
+
(PhIm) are given in 
Table 3 on the basis of visualizing the molecular motions.  Although the majority of the bands in 
the IRMPD spectrum of H
+
(PhIm) correspond to motions throughout the molecule, the most 
intense bands generally involve vibrations of the imidazole ring.  Only the band at 752 cm
-1
 is 
primarily centered in the phenyl ring, an out-of-plane CH bend.  Given the non-polar nature of 
the phenyl ring, this seems reasonable.   
Comparison of the H
+
(PhIm) spectrum with that of H
+
(His) shows many similar features, 
Figure 4.  Obvious differences are that H
+
(PhIm) no longer exhibits the carbonyl stretches at 
1750 – 1800 cm-1 nor the band at 1139 cm-1 corresponding to the COH bend and C-OH stretch, 
which gives much of the intensity to the 1132 cm
-1
 peak in the H
+
(His) spectrum.  Likewise, the 
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(PhIm).  Actually, the predicted band positions between 
the two molecules do not change appreciably in this region, but intensities vary because some 
modes gain in intensity by interactions with the polar amino acid group in His.  For example, the 




(His), which corresponds mainly to an in-plane NH bend, is not 
observed for H
+
(PhIm) because its predicted intensity has dropped by a factor of 33.  Overall, 










In a recent study, Lagutschenkov et al. [22] published a detailed analysis of the IRMPD 
spectrum of protonated histamine, a neurotransmitter, which is His without the carboxylic acid 
on the carbon. They compared the experimental IRMPD spectrum of protonated histamine 
with predicted IR spectra of several low-energy structures, which were characterized by 
quantum-chemical calculations at the B3LYP and MP2 levels of theory using the cc-pVDZ basis 
set. These calculations predict the most stable conformer is the imidazolium-type conformer with 
protonation at the imidazole ring and gauche conformation of the ethylamine side chain, which is 
significantly stabilized by an intramolecular ionic NH···N hydrogen bond.  This structure is 
equivalent to the [N,N] conformers for H
+
(His), Figure 1, which are all the same once H 
replaces the COOH group.  Close in energy is the gauche ammonium-type N tautomer, 
equivalent to [NN] conformers of H
+
(His).  All other conformations found for H
+
(histamine) 
no longer contain the N···H···N hydrogen bond and are therefore much higher in energy (> 32 
kJ/mol).  Similar to the findings discussed above for the analogous H
+
(His) complexes, B3LYP 
calculations prefer H
+
(histamine) [N,N], the imidazolium ion structure, by 6.3 kJ/mol, whereas 
MP2 calculations stabilize the [N,N], the ammonium ion structure, actually finding that it lies 
lower in energy by 1.7 kJ/mol.  Larger basis sets shift the balance back to the [N,N] structure, 
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here where, for the three levels of theory used above, the [N,N]-type is the ground state by 7.8 
(B3LYP), 5.2 (B3P86), and -0.1 (MP2) kJ/mol, respectively.   
Good agreement was found between and the experimental spectrum and the predicted 
spectrum for H
+
(histamine) [N,N], whereas the [N,N] structure was concluded to contribute 
only a minor amount to the observed spectrum.  Interestingly, as Lagutschenkov et al. point out, 
all other related protonated neurotransmitter ions studied to date prefer protonation at the 
alkylamino side chain, such that histamine is unique in its preference for imidazole protonation.   




(histamine) have many similar features. 
Bands at 1609, 1433, 1399, 1340, 1306, 1132, 1079, ~990, ~923, 822, 798, 676, and 609 cm
1
 in 
the spectrum of H
+
(His) are observed at 1598, 1453, 1389, 1359, 1293, 1107, 1075, 997, 909, 
830, 788, 685, and 607 cm
1
 in the protonated histamine spectrum.  This can be seen by a 
comparison of the B3LYP/6-311+G(d,p) calculated spectra in Figure 5.  Carbonyl stretches 
(1778 and 1747 cm
-1
) and the OCO bend (742 cm
-1
) in the H
+
(His) spectrum are not observed for 
protonated histamine for obvious reasons.  Likewise, the COH bend and C-OH stretch 
contributes to the experimental band in H
+
(His) at 1132 cm
-1
, thereby blue shifting it from the 
1107 cm
-1
 observed for H
+
(histamine), assigned to mainly an in-plane NH bend.  Overall, this 
comparison is consistent with the assignment above, namely, that the [N,N] form of H
+
(His) 
dominates the experimental spectrum, with additional contributions from the [N,CO] form, 
which is not available to H
+
(histamine). 
In making this comparison, we did note one interesting anomaly in comparing IR spectra 
for the most stable conformer of H
+
(histamine) calculated at the B3LYP/6-311+G(d,p) level 
compared with that reported by Lagutschenkov et al. [22].  They agree well over the 
experimental range examined in most respects, with average deviations between band positions 
of 6  6 cm-1 except for the band associated with the out-of-plane NH bend, i.e., a proton 
motion perpendicular to the N-H
+
···N  hydrogen bond.  Here, our predicted frequency (1016 
cm
-1
, 0.975 scaling) differs by 62 cm
-1
 (after scaling,) with that for the B3LYP/cc-pVDZ 
calculations (1078 cm
-1
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This difference appears to be exclusively one related to the size of the basis set as B3LYP/aug-
cc-pVDZ, B3LYP/cc-pVTZ, and B3LYP/aug-cc-pVTZ calculations yield frequencies for this 
motion of 1036, 1026, and 1018 cm
-1
 (0.98 scaling); however, this frequency is nearly unique in 
this regard.  For example, the in-plane bend of the same NH has calculated frequencies of 1117, 
1114, 1121, 1118 (0.98 scaling), and 1113 cm
-1
 (0.975 scaling) for cc-pVDZ, aug-cc-pVDZ, cc-
pVTZ, aug-cc-pVTZ, and 6-311+G(d,p) basis sets.  All other frequencies in the experimental 
range of interest agree with one another with similarly small variations.   
 





Recently, Steill et al. [23] used IRMPD spectroscopy to study the histidine radical cation. 
They compared the experimental IRMPD spectrum of His
+
 with predicted IR spectra of several 
low energy structures, finding a good match with the predicted IR spectrum of the global 
minimum structure, a captodative radical ion that has a structure essentially the same as 
[N,CO]-ttg+g–(t) shown in Figure 1 but without the hydrogen atom on the -carbon.  Notably 
this radical center allows the H2N-C-COOH atoms to be nearly coplanar, allowing resonant 
stabilization along the NCCO atoms and a shorter NH···OC hydrogen bond, 1.68 Å compared to 





 have many similar features.  Bands comparable to those at 1609, 
1399, 1132, 822, 742, 676, and 609 cm
-1
 in the spectrum of H
+
(His) are also observed in the 
His
+
 spectrum.  Key differences in the spectra are shifts in the observed carbonyl stretches for 
H
+
(His) at 1778 and 1747 cm
-1









, which corresponds to stretches along the NCCO backbone.  The latter band 
clearly shifts because of the resonant delocalization associated with the radical center.  
Comparison of the [N,N] and [N,CO] spectra of Figure 3 also shows a red shift in the 
carbonyl stretch resulting from the stronger NH•••OC hydrogen bond in the latter structure (and 
His
+
), but not as large a shift as for His
+
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from the C radical center of His
+
 removes electron density from the carbonyl  bond, 
weakening it further. 
It is also interesting to consider why an [N,N] binding motif is no longer energetically 
favorable for His
+
, as found for H
+
(His).  Although an exhaustive search for conformations was 
not conducted, calculations for His
+
 at the present levels of theory find the captodative radical 
analogue of [N,N]-tggc to lie 42 – 43 kJ/mol higher in energy than the [N,CO] ground state.  
These calculations show that the NH2 amino group in the [N,N] conformer is no longer nearly 
planar, becoming pyramidal in order to form the NH···N hydrogen bond, thereby losing the 
resonant stabilization of the radical noted above.   
 











(HisArg) with IRMPD 




(HisArg), the latter 
protonated on the Arg side chain, have some similar features. The observed carbonyl stretch 
(1788 cm
-1
), NH bends (~1650 cm
-1
), and in-plane hydroxyl bend (1150 cm
-1
) in the H
+
(HisArg) 
spectrum are also seen for H
+
(His) at 1778, 1609, 1132 cm
-1
, respectively. A sharp, intense peak 
at 1080 cm
-1
 is observed for H
+
(HisArg) that is attributed to the neutral histidine side chain on 
the basis of a comparison to the IR spectra of condensed phase imidazole.  Consistent with this 
assignment is the observation that protonation of the imidazole side chain in the IRMPD 
spectrum of H2
2+
(HisArg) decreases the intensity of this peak appreciably, becoming a shoulder 
on the intense 1150 cm
-1
 band.  This is comparable to the shoulder observed at 1079 cm
-1
 in the 
H
+
(His) spectrum, Figure 3, consistent with protonation of the imidazole ring.   
 





We can also compare the experimental IRMPD spectrum for H
+
(His) with that for alkali 














 [25]. There are several 
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(His) is compared to 1732 – 1753 
cm
-1
 for the alkali metal complexes.  Clearly, the hydrogen bond between the protonated 
imidazole side-chain nitrogen and backbone amino nitrogen perturbs the carbonyl stretch less 
than direct binding to the heavier alkali cations. An intense band at 1125 - 1157 cm
-1
 is observed 
in all spectra, consistent with the fact that the COH bending and C-OH stretching motions of the 
H
+
(His) [N,N] and M
+
(His) [CO,N,N] conformers are similar. The latter complex is a 
tridentate structure in which the metal cation binds to the carbonyl and amino group of the 
backbone along with the N nitrogen of the side-chain.  The shoulder at 1079 cm
-1
 in the H
+
(His) 
spectrum becomes a sharp, isolated band in the spectra of all M
+
(His) complexes.  This is 
consistent with its identification as a signature peak associated with a neutral imidazole side 
chain at 1080 cm
-1
 [53,54] and attributed to CN stretches and in-plane CH and NH bends of the 
side chain ring. Observed bands at ~1580 cm
-1
 in the K
+
(His) – Cs+(His) spectra correspond to an 
NH2 bend in the [CO,N,N] spectra. The comparable band in the H
+
(His) spectrum is found at 
1609 cm
-1
, again consistent with more perturbation induced by direct metal binding to the N 
site.  
The theoretical results for K
+
(His) – Cs+(His) indicate that the bidentate [CO,N] 
conformer, in which the metal cation binds to the backbone carbonyl oxygen and nitrogen atom 
of the imidazole side chain, has an intense band near 1400 cm
-1
, corresponding to the COH 
bending motion. This motion is largely unaffected by the increasing cation size, being observed 




(His) – Cs+(His). This is also true for H+(His) [N,CO], 
being predicted at 1387 cm
-1
 and observed at 1399 cm
-1
.  Similarly, weak bands at 742, 822, and 
1433 cm
-1




(His), which seems 
reasonable as these frequencies correspond to motions that mainly involve groups not directly 
attached to the ion.  Interestingly, the former two frequencies become more prominent as the 
cation size increases, which is consistent with the increasing populations of [CO,N] and 
[COOH] conformations for which these modes gain intensity compared to [CO,N,N].  The 
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(His) spectra but has appreciable intensity only in the Li
+
(His) spectrum, suggesting that the 





(His) is absent in all the M
+
(His) spectra, consistent with the predicted IR intensities for these 
motions, which are greatly reduced for the metal systems.    
 
4. Conclusions 
The gas-phase structures of protonated histidine (His) and the side-chain model, 
protonated 4-phenyl imidazole (PhIm), are examined by infrared multiple photon dissociation 
(IRMPD) action spectroscopy utilizing light generated by the free electron laser FELIX. 
Comparison of the measured IRMPD spectra to single photon absorption results calculated at a 
B3LYP/6-311+G(d,p) level of theory show that H
+
(His) is characterized by a [N,N] conformer 
along with some [N,CO].  These conformers have the protonated nitrogen atom of imidazole 
adjacent to the side-chain (N) hydrogen bonding to the backbone amino nitrogen (N) and to the 





allows identification of the vibrational contributions from the protonated imidazole side-chain.  




(histamine) [22], which is His without the 
carboxylic acid on the carbon, are found to share many similar features.  Comparison of the 
IRMPD spectra of H
+
(His) with that of the His
+
 radical cation provides further evidence for the 
resonant electron delocalization from the C radical center of His
+
 that is characteristic of the 





(HisArg) [53], and M
+
(His) [25], the IRMPD action spectrum of H
+
(His) is consistent with 





















, are also explained.  
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Structure Dihedral B3LYP B3P86 MP2(full) 
[N,N] tggc 0.0 (0.0) 0.0 (0.4) 0.0 (0.0) 
 
tgtc 0.6 (0.8) 1.1 (1.7) 5.1 (5.3) 
 
tttc 4.2 (5.5) 4.9 (6.7) 8.7 (10.1) 
 
ttgc 4.4 (3.9) 5.1 (5.1) 4.1 (3.7) 
 
cggc 31.0 (30.8) 31.4 (31.6) 29.7 (29.5) 
 
cgtc 34.8 (35.1) 35.2 (35.9) 39.7 (40.0) 
TS ([N,N][NN]) tggc 8.2 (6.0) 1.7 (0.0) 4.9 (2.8) 
 
tgtc 7.2 (5.6) 1.5 (0.3) 7.6 (6.0) 
 
tttc 15.5 (15.3) 10.1 (10.3) 14.9 (14.7) 
 
ttgc 17.2 (15.3) 11.4 (9.9) 12.7 (10.8) 
 
cggc 41.7 (40.0) 35.0 (33.7) 38.2 (36.5) 
 
cgtc 41.3 (39.6) 35.2 (33.9) 42.3 (40.6) 
[NN] tggc 8.5 (7.2) 5.1 (4.3) 2.7 (1.4) 
 
tgtc 6.6 (6.0) 4.1 (3.9) 3.7 (3.1) 
 
tttc 17.7 (18.4) 15.8 (16.9) 14.1 (14.8) 
 
ttgc 20.0 (19.0) 17.4 (16.9) 12.8 (11.9) 
 
cggc 42.4 (41.4) 38.6 (38.0) 37.3 (36.3) 
 
cgtc 40.1 (39.3) 37.2 (36.8) 37.9 (37.0) 
[N,CO] ctg+g 3.9 (1.8) 1.7 (0.0) 12.9 (10.8) 
 
ttgg+(g) 4.8 (5.0) 7.3 (7.9) 8.1 (8.3) 
 
ttgg+(t) 4.9 (4.8) 7.2 (7.4) 11.2 (11.0) 
 
ttg+g(t) 5.2 (5.9) 6.8 (7.8) 13.9 (14.5) 
 
ttg+g(g) 8.6 (8.0) 10.5 (10.3) 16.1 (15.4) 
 
ctgg+ 17.7 (15.8) 16.9 (15.4) 23.5 (21.5) 
 
ctgg+(t) 28.7 (29.6) 30.8 (32.1) 35.1 (36.0) 
 
cggg 30.0 (30.8) 31.6 (32.8) 34.1 (34.9) 
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[N,OH] tcgg+(g) 23.1 (26.4) 26.3 (30.0) 23.2 (26.4) 
 
tgg+g(t) 29.2 (30.2) 33.1 (34.4) 34.9 (35.8) 
 
tgg+g(g) 31.5 (32.3) 35.0 (36.2) 36.7 (37.5) 
 
tg+gg+(t) 33.5 (35.9) 38.1 (41.0) 36.2 (38.7) 
 
a
 All values calculated at the level of theory indicated using the 6-311+G(2d,2p) basis set with 
structures and zero-point energies calculated at the B3LYP/6-311+G(d,p) level of theory.  
Ground state species are identified in bold.  Italics indicates species that collapse because the TS 
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(His) compared to B3LYP/6-





















1778 1775 (266)  CO  
1747  1736 (291) CO / βNH (N) 
1609 1610 (76) 1608 (129) CC (C4C5) / βNH (N,N) / βCH (C5) = 5(Im) 
 1593 (79) 1623 (44) βNH2 (scissor) 
 1512 (12) 1516 (8) CN (C2) / βCH (C2,C5) = 6(Im) 
1433 1461 (15) 1459 (14) βNH (N) / CN (N) 
 1444 (18) 1446 (16) βCH2 (scissor, C) 
  1408 (19) βNH (N) /CN (C4N) / βCOH  
1399 1392 (54)  βNH (N) / CN (N) = 7(Im) 
 1391 (26)   βCH (C) / CH2 (wag) / NH2  
  1387 (568) βCOH  
  1367 (7) βCH (C) /NH2 (twist) 
1340 1341 (1) 1329 (3) CH2 (wag) / βCH (C)  
1306 1299 (31) 1309, 1267 (7,48) βCH (C) / βCH (C) / β(Im) 
 1292 (21) 1217 (2) βCOH / βCH (C)  
 1252 (4)  CCN (C4) / βCH (C) / NH2 (twist) / CH2 (twist) 
 1239 (6) 1249 (20) CN (C5N) / βCH (C5) /CH2 (wag) = 10(Im) 
 1205 (2) 1185 (3) CH2 (twist) / βCH (C) = 8(Im) 
 1188 (17) 1150 (2) NH2 (twist) / βCH (C) / βCH (C) 
 1164 (8) 1165 (4) βCH (C) / βNH (N) = 9(Im) 
1132 1139 (175)  βCOH / CO(H) 
 1107 (130) 1126 (172) βNH (N) / βNH (N) / CN (C) / CH (C) = 
12(Im) 
1079  1079 (20) CN (N) 
  1067 (17) CN (CN) / βCH (C5) / βNH (N)  
 1066 (4)  CN (CN) / βCH (C) and CN (N) = 11(Im) 
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990  1009 (38) CC (CC) / NH2 (twist)
 1002 (107)  CN (N,sym) / γNH (N) / βNH2 (wag) = 14(Im)
  987 (30) γNH (N) = 21(Im)
 973 (55)  βNH2 (wag) / CN (CN) 
923 955 (53) 960 (80) γNH (N) / βCH (C) = 21(Im)
 946 (41) 933 (18) τ NH2 / CH2 / γNH (N) 
 925 (14) 924 (9)  (CNC) = 15(Im)
 889 (3)  CC (CC) 
  882 (83) γCOH 
 829 (6)  CC (C) / CH (C2,twist) / βNH2 (wag) 
822 823 (39) 830 (33) γCH (in phase, C2 + C5) = 17(Im)
 782 (4)  γCH (out of phase, C2 + C5) = 16(Im)
798  809 (137) βNH2 (wag)
  787 (21), 782 (10) CC (CCO) / γCH (C2C5) / βOCO / βNH2 (wag) 
742  738 (17) βOCO / CC (CC) / γCH (C5) 
 734 (19)  βCCC (C)/ βOCO / γCH (C5) 
  711 (12) βCCC (C) / γOCO  
676 686 (75)  γCOH / γCN/CC = 18(Im) 
 669 (54) 670 (63) γNH (N)
  639 (2) γCN/CC 
 634 (39)  γCOH / γCN/CC  = 20(Im)
609 606 (26)  γCOH / CC (CC)  
  606 (52) γCNC (N)
 605 (51)  γCOH / γCN/CC = 19(Im)
  578 (2) OCC / CCN (N)
 573 (31)  γCOH / OCO
 
a
 Peak positions taken from the IRMPD spectrum in Fig. 3. 
b
 Vibrational frequencies (cm
-1
) 
scaled by 0.975 and IR intensities (km/mol) are given in parentheses. 
c
 The notation , β, and γ 
refers to stretch, in-plane bend, and out-of-plane bend modes, respectively.  i(Im) denote 
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(4-phenyl imidazole) compared to 
















1606 1609 (126) CC (C4C5) / βNH (N,N) / βCH (C5) = 5(Im) 
 1596 (2) CC(Ph,sym) / βCH (Ph)  
 1575 (9) CC(Ph,antisym) / βCH (Ph)  
1482 1513 (12) CN (C2) / βCH (C2,C5) = 6(Im) 
 1493 (5) βCH (Ph) / CC (C4CPh) / βNH (N) 
1448 1456 (25) βNH (N) / CN (N) 
 1444 (12) βCH (Ph) / CC(Ph,antsym)  
 1401 (2) βNH (N) / CN (N) = 7(Im) 
1339 1326 (3) βCH(Ph,antisym)  
 1302 (1) CC (Ph,antisym) / βCH (Ph)  
~1300 (tail) 1281 (12) CN (C5N) / βCH (C5) /CH2 (wag) = 10(Im) 
 1234 (0.2) CN(C4N) / βCH (C5) / βNH (N) = 8(Im) 
 1181 (1) βCH(Ph,sym)  
1152 1171 (12) βCH (C) / βNH (N) = 9(Im) 
 1164 (0.1) βCH  (Ph) 
 1149 (18) βCH (C2) / βNH(N) = 12(Im) 
 1084 (10) βCH (Ph) / CC  (Ph) 
1064 1070 (21) CN(C5N) / βCH (C) = 11(Im) 
 1046 (14) CN(C4N) / βCH (C) / βCH (Ph) 
996 990 (4) CC (Ph,sym) 
 970 (1) γCH (Ph) 
937 937 (5) CN (N,sym) = 14(Im)
 918 (1) γCH (Ph)
 915 (3)  (NCN) = 15(Im)
 830 (1) γCH(Ph,out of phase) 
 821 (1) γCH (in phase, C2 + C5) = 17(Im)
 786 (11) γCH (out of phase, C2 + C5) = 16(Im)
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~710 (wide) 701 (149) γNH (in phase, N + N)
 687 (30) γCH(Ph) 
 677 (3) CC (Ph)
 664 (6) γCN/CC = 18(Im)
 649 (0.2) γNH (out of phase, N + N) 
 603 (48) γCN/CC = 19(Im)
a
 Peak positions taken from the IRMPD spectrum in Fig. 4. 
b
 Vibrational frequencies (cm
-1
) 
scaled by 0.975 and IR intensities (km/mol) are given in parentheses. 
c
 The notation , β, γ, and τ 
refers to stretch, in-plane bend, out-of-plane bend, and torsional modes, respectively. Im and Ph 
refer to imidazole and phenyl, respectively.  i(Im) denote corresponding normal modes of 
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Figure Captions 
Fig. 1. Structures of the H
+
(His) complexes calculated at the B3LYP/6-311+G(d,p) level of 
theory. Dashed lines indicate hydrogen bonds shorter than 2.3 Å.  Atomic labels of protonated 
histidine are shown in one panel.  




(histamine) along the N-H-N 
coordinate linking the [N,N] (left side) and [N,N] (right side) conformers calculated at the 
B3LYP/6-311+G(d,p) level.  The energy zero is set to the zero point energy of the harmonic 
frequency in the [N,N] potential well.   
Fig. 3. Comparison of the experimental IRMPD action spectrum for H
+
(His) with IR spectra for 
three low-lying conformations predicted at the B3LYP/6-311+G(d,p) level of theory. 





the IR spectrum for protonated 4-phenyl imidazole predicted at the B3LYP/6-311+G(d,p) level 
of theory.  The last panel also shows the calculated structure. 
Fig. 5. Comparison of the experimental IRMPD action spectra for H
+
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Figure S1. Comparison of the experimental H
+
(His) (m/z 156) depletion spectrum (top, purple) 
and the IRMPD action spectrum for the m/z 110 product ion (loss of H2O + CO) both 
uncorrected (red) and corrected (blue) for laser power.  
 
Figure S2.  Geometries of all conformers of H
+
(His) calculated at the B3LYP/6-311+G(d,p) 
level of theory.  Hydrogen bonding interactions shorter than 2.3 Å are indicated by dashed lines 
and lengths in Å.   
 
Figure S3. Comparison of predicted IR spectra for all conformers of H
+
(His) calculated at the 
B3LYP/6-311+G(d,p) level of theory.  
 
Figure S4. Comparison of predicted harmonic and anharmonic (unscaled) IR spectra for H
+
(His) 
[N,N]-tggc and [N,CO]-ctg+g– at the B3LYP/6-311+G(d,p) level of theory.  
 
Figure S5. Comparison of predicted IR spectra for four representative low energy conformations 
of His at the B3LYP/6-311+G(d,p) level of theory. 298 K Gibbs free energies (kJ/mol) are in 
parenthesis. All values calculated at the B3LYP/6-311+G(2d,2p), B3P86/6-311+G(2d,2p), and 
MP2(full)/6-311+G(2d,2p) level of theory with structures and zero point energies calculated at 
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Table S1. Vibrational frequencies (cm
-1
) scaled by 0.975 and IR intensities (km/mol) for 
conformers of H
+
(His) calculated at B3LYP/6-311+G(d,p) levels of theory.
  
Bold indicates the 
region of the IR spectrum included in the present experimental study.
 
[N,N] tggc [N ] tgtc [N,N] ttgc [N,N] tttc [N,N] cggc [N,N] cgtc 
45 4 45 1 44 3 23 1 51 6 44 4 
55 2 66 1 64 6 73 0.6 63 13 67 3 
73 1 93 3 76 1 92 2 71 2 97 3 
189 28 131 9 188 25 132 5 184 19 129 6 
208 6 201 20 216 1 219 27 197 10 194 35 
277 6 272 1 281 0 276 6 257 12 269 9 
311 7 306 12 307 6 311 4 309 3 308 12 
332 15 336 5 338 11 336 6 319 18 339 7 
401 3 373 10 397 13 370 12 383 5 383 17 
464 18 417 17 418 4 414 7 426 35 411 47 
499 5 497 11 536 32 494 16 475 86 456 70 
573 31 585 78 554 30 566 48 521 6 512 3 
605 51 606 56 606 53 607 54 604 53 606 49 
606 26 629 20 609 26 616 92 606 2 619 2 
634 39 636 30 630 35 640 17 638 2 650 3 
669 54 671 74 668 58 672 76 666 53 672 68 
686 75 692 13 696 78 706 9 685 16 692 19 
734 19 744 40 730 7 720 37 754 1 754 9 
782 4 781 4 779 1 782 4 783 2 781 4 
823 39 824 34 818 45 822 36 823 30 825 37 
829 6 842 14 825 18 837 17 828 38 839 5 
889 3 879 17 882 6 886 13 885 2 868 5 
925 14 925 13 925 8 925 9 924 70 924 13 
946 41 951 39 938 63 950 9 927 17 948 18 
955 53 958 35 951 6 963 35 940 17 956 37 
973 55 991 24 979 24 983 35 957 80 987 37 
1002 107 1010 172 1002 99 1002 126 990 42 1006 159 
1061 40 1064 19 1062 30 1064 21 1057 22 1064 17 
1066 4 1094 48 1066 2 1096 40 1067 11 1088 9 
1107 130 1120 62 1118 105 1115 228 1113 10 1109 20 
1139 175 1137 164 1129 286 1130 76 1114 109 1126 150 
1164 8 1145 115 1163 1 1146 106 1163 2 1141 1 
1188 17 1166 4 1179 4 1165 0.2 1181 15 1166 3 
1205 2 1232 11 1215 3 1236 10 1203 9 1225 185 
1239 6 1244 7 1243 6 1252 4 1238 85 1241 29 
1252 4 1258 3 1267 3 1254 7 1246 191 1256 22 
1292 21 1295 11 1289 33 1291 13 1254 108 1277 216 
1299 31 1312 50 1312 26 1313 62 1300 26 1298 31 
1341 1 1340 13 1341 0 1351 4 1343 2 1336 7 
1391 26 1383 4 1389 20 1368 3 1383 27 1384 5 
1392 54 1396 68 1398 50 1396 68 1401 55 1397 62 
1444 18 1447 12 1437 26 1443 9 1446 17 1444 12 
1461 15 1460 15 1462 14 1461 16 1462 15 1460 16 
1512 12 1511 13 1511 13 1511 15 1516 13 1511 12 
1593 79 1610 90 1614 61 1611 91 1599 60 1610 87 
1610 76 1631 41 1616 73 1626 47 1614 66 1626 49 
1775 266 1782 318 1779 269 1779 293 1796 214 1802 248 
2946 11 2953 1 2926 14 2950 1 2928 26 2957 1 
2967 4 2995 4 2966 4 2965 6 2967 5 2975 12 
3044 0.1 3037 0 3043 0 3047 1 3022 3 3021 2 
3085 731 3067 796 3158 626 3110 760 3171 625 3072 786 
3202 42 3201 42 3204 43 3201 42 3202 45 3201 43 
3205 8 3205 8 3208 7 3205 8 3206 4 3204 8 
3400 20 3383 20 3403 14 3395 13 3410 16 3368 26 
3478 33 3452 25 3469 28 3465 24 3484 27 3448 26 
3531 185 3529 191 3531 184 3529 190 3531 189 3527 193 
3649 126 3641 128 3648 127 3647 137 3699 71 3707 64 
 
[N,N] tggc [N ] tgtc [N,N] ttgc [N,N] tttc [N,N] cggc [N,N] cgtc 
55 1 58 1 49 2 28 0 50 4 60 2 
61 4 63 5 63 3 75 9 60 9 69 8 
82 5 91 14 73 10 85 9 84 6 96 19 
207 15 146 6 214 7 148 16 206 22 145 19 
223 46 213 15 226 54 223 13 227 53 210 16 
286 10 278 23 291 1 280 16 298 26 280 40 
329 57 313 15 329 50 306 14 329 38 318 18 
342 19 338 80 349 25 343 85 343 36 342 86 
411 5 383 7 420 3 395 1 408 48 385 20 
465 22 402 43 457 30 415 22 432 57 402 9 
488 38 494 32 505 14 491 16 480 7 449 115 
574 10 586 11 542 28 572 33 505 26 499 3 
591 112 594 171 592 101 593 104 584 3 593 90 
614 62 626 20 610 79 613 76 594 99 631 16 
638 23 641 6 636 22 643 3 633 7 644 3 
659 21 662 48 659 19 664 61 654 18 658 17 
699 27 707 10 695 33 705 18 695 3 700 3 
730 21 749 19 725 8 736 10 742 4 755 2 
777 14 777 13 777 12 777 14 777 13 776 14 
829 28 823 13 824 27 816 20 824 22 821 6 
834 17 833 19 829 19 832 20 838 16 835 19 
882 20 893 32 870 14 888 12 878 13 881 17 
935 2 935 1 935 2 932 2 934 1 934 1 
943 13 941 16 938 8 937 6 937 9 937 12 
970 5 975 18 971 4 976 11 969 6 976 19 
1019 25 1017 31 1016 17 1018 23 1017 14 1014 23 
1071 26 1071 34 1072 27 1071 45 1073 25 1071 34 
1110 94 1091 7 1091 205 1088 56 1109 44 1090 24 
1122 30 1132 21 1109 85 1117 332 1119 39 1127 30 
1133 12 1136 45 1134 8 1134 7 1133 10 1133 8 
1161 191 1166 268 1149 101 1164 48 1152 33 1162 36 
1212 4 1211 10 1211 17 1211 11 1203 73 1211 11 
1227 11 1241 6 1227 15 1243 31 1225 8 1229 216 
1251 14 1248 5 1251 20 1249 2 1248 140 1249 4 
1277 38 1261 28 1275 49 1257 48 1261 95 1263 25 
1308 14 1305 48 1294 20 1305 64 1284 70 1282 275 
1320 8 1333 21 1317 11 1319 8 1324 6 1321 15 
1351 8 1351 22 1351 4 1352 23 1351 13 1351 22 
1388 45 1391 33 1364 11 1366 25 1365 75 1380 15 
1436 38 1436 41 1437 45 1438 37 1436 38 1436 41 
1447 12 1446 9 1441 8 1447 6 1451 17 1444 10 
1480 208 1469 291 1475 248 1467 277 1482 200 1467 292 
1513 170 1507 71 1519 139 1512 65 1507 150 1503 55 
1559 26 1570 28 1570 40 1572 27 1555 23 1568 24 
1585 23 1608 10 1591 17 1606 14 1583 32 1610 14 
1645 23 1631 46 1639 43 1630 54 1646 21 1631 47 
1771 270 1774 293 1814 257 1811 298 1793 218 1795 233 
2394 1309 2446 1347 2338 1295 2384 1369 2423 1279 2466 1317 
2955 11 2944 8 2954 12 2939 11 2954 10 2949 5 
3001 2 3024 0 2997 2 3005 0 2991 2 3005 1 
3041 0 3036 0 3040 0 3040 1 3008 6 3021 2 
3185 7 3184 7 3184 7 3185 7 3185 8 3184 8 
3195 5 3194 5 3197 6 3195 6 3194 5 3193 5 
3290 99 3324 95 3355 79 3367 73 3260 114 3292 113 
3427 92 3409 77 3423 82 3425 72 3424 93 3405 79 
3543 142 3541 147 3543 143 3541 148 3540 147 3540 149 














58 1 61 0 30 3 24 1 28 2 33 1 
89 6 81 5 85 7 93 9 85 4 84 7 
119 2 100 1 96 1 102 1 104 0 101 1 
156 29 171 25 152 14 161 25 156 16 157 19 
247 26 226 25 201 29 206 3 215 28 214 7 
291 11 269 11 217 43 234 40 239 12 248 25 
313 7 308 7 267 8 276 17 286 7 266 4 
324 3 337 14 278 26 290 14 310 4 293 15 
353 19 368 7 326 4 331 6 339 15 335 2 
376 13 437 4 362 3 342 5 352 7 365 8 
529 6 536 5 497 103 526 108 517 9 549 45 
578 2 566 4 564 2 559 3 543 60 598 20 
606 52 606 48 606 48 603 53 607 46 606 65 
639 2 613 6 611 3 619 12 631 39 618 19 
670 63 669 49 633 3 636 14 652 71 637 27 
711 12 693 23 673 56 665 52 671 79 668 55 
738 17 750 5 725 82 732 36 717 13 729 7 
782 10 771 138 739 60 751 8 744 41 749 90 
787 21 780 22 754 27 778 14 781 51 775 12 
809 137 809 118 785 11 789 37 785 11 796 93 
830 33 822 74 818 33 824 43 801 137 818 50 
882 83 843 10 829 20 888 29 824 47 886 80 
924 9 860 18 888 23 905 31 914 103 889 19 
933 18 877 95 900 94 921 16 925 6 922 35 
960 80 923 3 924 2 927 23 949 3 925 28 
987 30 969 2 966 12 939 41 961 13 940 3 
1009 38 1018 42 999 13 987 1 991 4 990 3 
1067 17 1066 20 1066 19 1067 19 1066 15 1067 17 
1079 20 1076 18 1083 33 1068 9 1104 82 1069 20 
1126 172 1126 84 1126 114 1133 115 1128 177 1127 160 
1150 2 1141 0 1139 11 1144 33 1159 35 1155 142 
1165 4 1163 2 1148 0 1165 7 1165 0 1166 34 
1185 3 1194 15 1163 3 1179 7 1176 105 1182 35 
1217 2 1198 0 1199 7 1214 8 1192 8 1203 21 
1249 20 1245 12 1246 107 1247 101 1248 6 1248 5 
1267 48 1264 43 1257 326 1264 272 1270 19 1280 17 
1309 7 1298 8 1298 29 1277 169 1302 9 1303 40 
1329 3 1338 97 1323 54 1310 30 1332 2 1312 14 
1367 7 1365 105 1360 2 1351 19 1350 91 1352 10 
1387 568 1376 252 1364 72 1395 73 1365 27 1397 68 
1408 19 1402 31 1400 31 1417 17 1403 44 1421 15 
1446 16 1439 21 1439 20 1443 20 1448 18 1443 22 
1459 14 1461 16 1461 15 1462 16 1461 12 1463 14 
1516 8 1518 9 1516 11 1520 10 1517 12 1519 11 
1608 129 1609 85 1611 98 1614 99 1610 131 1614 94 
1623 44 1625 33 1624 40 1629 40 1635 33 1625 46 
1736 291 1747 269 1738 237 1755 226 1705 283 1732 302 
2957 1 2966 3 2970 2 2880 53 2945 4 2909 22 
2973 5 2983 1 2978 11 2970 3 2966 5 2978 3 
3002 1079 3029 2 3034 1 3013 2 3040 1 3018 2 
3021 3 3199 44 3200 58 3136 894 3196 670 3202 39 
3199 41 3204 14 3207 75 3201 41 3201 154 3206 13 
3203 8 3269 507 3212 623 3205 6 3205 6 3271 622 
3346 309 3427 43 3438 13 3414 12 3428 15 3413 11 
3428 9 3451 189 3521 16 3488 13 3508 19 3484 14 
3514 28 3514 24 3529 185 3533 183 3529 186 3532 181 














40 2 42 1 17 1 42 1 43 2 23 1 
87 4 88 4 57 5 70 0 70 0 64 0 
100 0 108 0 85 2 94 3 92 1 84 3 
151 13 158 15 110 8 143 12 145 12 138 11 
210 3 231 17 213 1 185 35 178 30 200 1 
245 33 244 21 240 31 219 4 224 3 238 31 
272 15 296 5 278 3 269 3 287 5 263 9 
278 14 326 2 302 2 297 9 321 7 273 21 
327 7 330 4 376 1 347 18 333 3 334 2 
361 7 362 23 461 11 365 7 371 15 352 10 
556 40 524 11 480 20 476 17 492 10 558 16 
606 21 540 44 557 21 569 81 556 64 587 97 
609 17 607 42 606 54 608 44 604 20 604 1 
617 80 621 71 617 15 621 29 608 65 609 59 
641 56 642 20 637 57 630 18 634 13 622 7 
673 66 671 67 663 3 672 61 673 58 673 49 
732 24 721 12 680 67 708 8 705 9 716 20 
751 47 737 88 716 137 731 14 734 22 743 14 
764 120 775 71 728 35 772 5 761 120 762 54 
787 24 785 10 790 34 777 13 775 31 775 101 
816 70 814 72 816 114 813 92 794 77 787 96 
828 9 824 54 827 2 827 159 810 81 812 62 
890 20 906 88 880 18 860 35 855 26 846 23 
902 94 918 19 890 15 922 3 912 3 897 8 
924 3 929 7 919 1 941 1 926 4 920 8 
970 13 982 1 949 5 956 42 979 2 941 66 
1001 7 1008 8 993 19 983 9 997 5 984 10 
1066 17 1067 17 1066 16 1063 288 1067 24 1067 20 
1090 55 1084 26 1072 87 1067 19 1076 185 1090 24 
1131 144 1127 202 1117 211 1115 16 1108 171 1102 197 
1148 15 1156 138 1133 19 1142 44 1135 30 1137 29 
1157 129 1165 34 1163 2 1165 1 1162 2 1156 15 
1166 49 1176 1 1176 3 1176 4 1168 3 1165 6 
1199 29 1208 27 1190 3 1182 2 1192 4 1206 24 
1247 7 1247 10 1243 10 1245 2 1245 8 1248 11 
1273 19 1269 15 1257 17 1261 11 1260 17 1273 1 
1299 18 1295 20 1283 5 1270 5 1280 1 1301 6 
1334 10 1319 31 1294 1 1318 3 1302 3 1318 7 
1366 1 1339 11 1345 4 1326 2 1331 4 1344 5 
1385 95 1386 121 1383 6 1377 0 1378 2 1376 4 
1405 23 1410 6 1413 10 1415 39 1410 37 1411 30 
1438 22 1437 21 1450 16 1451 18 1439 19 1441 25 
1461 14 1461 14 1464 10 1462 11 1461 12 1462 10 
1516 13 1517 12 1514 14 1518 12 1517 12 1517 13 
1611 116 1609 137 1615 25 1615 86 1611 128 1616 71 
1626 38 1625 36 1616 98 1638 31 1614 14 1628 39 
1708 304 1719 291 1793 274 1813 323 1811 322 1808 348 
2969 3 2843 33 2896 18 2961 1 2872 27 2968 3 
3012 2 2982 1 2997 3 2974 8 2979 1 3024 1 
3035 0 3028 1 3039 1 3036 1 3037 1 3032 1 
3200 65 3200 43 3203 44 3201 45 3201 44 3201 43 
3206 114 3205 29 3215 17 3206 14 3205 13 3207 15 
3211 589 3221 711 3425 19 3347 538 3374 497 3372 483 
3431 13 3439 16 3499 195 3421 17 3438 26 3430 13 
3513 17 3517 22 3501 37 3495 19 3522 31 3508 16 
3529 185 3529 186 3527 158 3526 191 3527 189 3526 187 
3633 128 3638 141 3639 116 3631 114 3636 132 3632 119 
 
